CMK-8, a mesoporous carbon material, was activated using different methods for the adsorption of low-concentration airborne formaldehyde. KOH and ammonia treatments were used to activate CMK-8. A CMK-8 sample was treated with KOH first followed by an ammonia-treatment at 700 C to determine the effect of a combination of the two treatment methods. The adsorbents prepared were characterized by X-ray diffraction, N 2 adsorption-desorption and X-ray photoelectron spectroscopy. The KOH treatment increased the concentration of oxygen functional groups, whereas the ammonia-treatment generated a significant amount of nitrogen functional groups. The formaldehyde adsorption efficiency was highest when both KOH-and ammonia-treatments were applied to CMK-8. The ammonia-treated CMK-8 exhibited higher formaldehyde adsorption ability than the KOH-treated one, whereas non-activated CMK-8 showed the lowest formaldehyde adsorption efficiency. The number of nitrogen functional groups and the specific surface area appeared to significantly affect the formaldehyde adsorption capability of the adsorbents, whereas oxygen functional groups played a less important role.
INTRODUCTION
Formaldehyde is a carcinogen that damages the cellular DNA and causes deformities in embryos. 1 The US EPA reported that the exposure of animals and humans to formaldehyde can lead to cancer. 2 Formaldehyde is an important indoor air pollutant that causes sick building syndrome. Therefore, the removal of formaldehyde has attracted considerable attention. 3 Adsorption using activated carbon is one of the most widely used methods of VOC removal, but formaldehyde is difficult to remove by activated carbon on account of its polarity. 4 Therefore, the development of a novel adsorbent that can effectively adsorb formaldehyde through suitable surface modification is needed. Lee et al. 5 achieved high formaldehyde removal efficiency using sludge char. They reported that appropriate physical or chemical treatments can increase the * Author to whom correspondence should be addressed. formaldehyde removal efficiency considerably by increasing the surface area and forming surface functional groups.
Recently, many reviews showed the recent advancements on mesoporous materials including innovations in their components and structural designs. [6] [7] [8] [9] In addition, mesoporous materials have great potential for the application to various fields such as adsorption, catalysts, etc. [6] [7] [8] [9] Among them, mesoporous carbon materials, such as CMK-1, CMK-2 and CMK-3, can be synthesized using mesoporous silica as a template. They are chemically stable with a large specific surface area, and are used widely as adsorbents or catalyst supports. 10 An et al.
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activated CMK-3 with NH 3 and H 2 SO 4 , and used it to remove formaldehyde. The activated CMK-3 exhibited higher adsorption efficiency than the non-activated one.
Other mesoporous carbon materials have not been applied previously to the adsorption of formaldehyde. In this study, a mesoporous carbon material, CMK-8, was applied for the first time to the adsorption of formaldehyde. The effects of activation with KOH and NH 3 on the formaldehyde removal efficiency were investigated.
EXPERIMENTAL DETAILS

Preparation of the Adsorbents
Synthesis of CMK-8
CMK-8 was synthesized by a nano-replication method using KIT-6, which is mesoporous silica with a Ia3d pore structure, as a template. Sucrose and sulfuric acid were used as the carbon precursor and acid catalyst, respectively. Initially, 1.25 g of sucrose was dissolved in a mixture of 4 g of deionized water and 0.141 g of sulfuric acid. KIT-6 (1 g) was then impregnated with the solution. The impregnated KIT-6 was heat-treated sequentially at 80 C for 1 h, at 100 C for 6 h and at 160 C for 6 h. The impregnation and heat-treatment cycles were repeated again. Carbonization was conducted for 3 h at 900 C under a nitrogen atmosphere. After carbonization, the KIT-6 template was removed with hydrofluoric acid (HF). The remaining mesoporous carbon (CMK-8) was washed at least 3 times with distilled water and dried in a 80 C oven.
Activation of CMK-8
The synthesized CMK-8 was activated with KOH and ammonia. In KOH-activation, a mixture of KOH and CMK-8 at a mass mixing ratio of 1:1 was dried on a hot plate to evaporate the moisture, and then dried for 24 h in a 110 C oven. The dried sample was pulverized before being introduced into a reactor. The reactor was purged with N 2 gas at a flow rate of 50 ml/min and heated to 700 C at a rate of 5 C/min. This temperature was maintained for 1 h. To remove the residual K + ions, the sample was neutralized with 5 M HCl and washed with distilled water. The sample was then dried for 24 h. The adsorbent prepared in this manner is referred to as CMK-8-KOH.
In ammonia-activation, CMK-8 was placed in a reactor and treated with 50 ml/min of ammonia flow at 700 C for 2 h. The ammonia adsorbed on the surface of CMK-8 was removed by purging with 50 ml/min of N 2 gas for 1 h. The adsorbent prepared in this manner is referred to in this study as CMK-8-NH 3 . To examine the effect of combining two different activation methods, the KOH-treated sample was treated with ammonia, which is referred to in this study as CMK-8-KOH-NH 3 .
Characterization of the Adsorbents
X-ray diffraction (XRD, Rigaku D/MAX-2200 Ultima) was performed in reflection mode using Cu K radiation at 30 kV and 40 mA. The N 2 adsorption-desorption isotherms were collected on a Micromeritics Tristar system at liquid N 2 temperature. The adsorbent samples were pre-treated for more than 12 h at 25 C. The specific Brunauer-Emmett-Teller (BET) surface areas were calculated from the adsorption branches in the range of relative pressures (P /P 0 = 0 05∼0 20. The pore size distribution curves were obtained from the adsorption branches using the Barrett-Joyner-Halenda (BJH) method.
X-ray photoelectron spectroscopy (XPS, AXIS-NOVA, Kratos. Inc.) was performed to analyze the composition of the adsorbent surface. Monochromatic Al K X-rays (1486.6 eV) with a 40 eV analyzer pass energy were used under ultra-high vacuum conditions (∼ 5.2 × 10 −9 Torr).
Adsorption of Formaldehyde
The adsorption experiments were carried out using the method reported elsewhere. 11 First, 100-ppm formaldehyde gas was introduced into a 10-L washed, vacuumed aluminum bag together with N 2 gas to adjust the formaldehyde concentration to 1 ppm. 0.07 g of an adsorbent sample was then introduced into the aluminum bag. The experiments were conducted in a 30 C shaking incubator to control the temperature and enhance gas-solid mixing. The formaldehyde concentration was measured at 0, 10, 40 and 80 min using a formaldehyde analyzer (4000 Series, Woori System, Korea). Table I lists the physical characteristics of the adsorbents used in this study. The specific surface area of CMK-8 prior to activation was 944 m 2 /g. Activation with KOH increased the specific surface area slightly to 974 m 2 /g. The increase in specific surface area was higher when activation was conducted with ammonia. The specific surface area of CMK-8-NH 3 was 1125 m 2 /g. A combination of the two activation methods (CMK-8-KOH-NH 3 increased the specific surface area even further (1228 m 2 /g). In particular, KOH activation increased the micropore surface area. Figure 1 (a) shows the N 2 sorption isotherms of CMK-8, CMK-8-KOH, CMK-8-NH 3 and CMK-8-KOH-NH 3 . CMK-8 and CMK-8-NH 3 exhibited type IV curves showing a rapid increase at P /P 0 = 0 5, which is typical of mesoporous materials. The pore size of CMK-8 and CMK-8-NH 3 was 4.3 nm, whereas that of CMK-8-KOH and CMK-8-KOH-NH 3 was much smaller, being in the micropore size range. Figure 2 shows XRD patterns of the adsorbents. The low-angle diffraction pattern of CMK-8 showed a strong peak at 1.04 , which was indexed to 3-dimensional cubic Ia3d symmetry (211). 12 This was also the case for CMK-8-NH 3 , which indicates that the ammonia treatment did not alter the mesoporous structure of CMK-8 significantly.
RESULTS AND DISCUSSION
Characteristics of the Adsorbents
On the other hand, the diffraction patterns of CMK-8-KOH and CMK-8-KOH-NH 3 showed a very weak peak, suggesting that the ordered mesostructure was destroyed during the activation treatment. Treatment with a strong base (KOH) at a high temperature (700 C) broke the ordered mesostructure and generated micropores. 13 The high-angle patterns also showed that the KOH-treatment reduced the crystal phase peak intensity slightly. Table II lists the elemental surface compositions of the adsorbents obtained from XPS. The oxygen content increased considerably from 2.28 at% to 6.91 at% when CMK-8 was treated with KOH. This was attributed to the formation of oxygen functional groups on the surface by the KOH-treatment. Lee et al. 5 reported an increase in oxygen function groups on sewage sludge char by activation with KOH. On the other hand, the ammonia-treatment reduced the oxygen content while increasing the nitrogen content considerably. According to a recent review paper, 14 ammonia decomposes to free radicals, such as NH 2 , NH and atomic hydrogen and nitrogen, when a carbon material is treated with ammonia at a high temperatures. These free radicals attack the carbon material to form nitrogen-containing functional groups. The reaction of ammonia with the carboxylic acid sites present in the carbon material can form ammonium salts that can lead to the formation of amides and nitriles through a dehydration reaction. In the reaction with ammonia at elevated temperatures, ether-like oxygen surface groups are replaced with -NHon the carbon surface, which can lead to iminic and pyridinic functional groups through a dehydrogenation reaction.
14 CMK-8-KOH-NH 3 contained even more nitrogen functional groups than CMK-8-NH 3 because the oxygen (a) Fig. 3 . XPS spectra of mesoporous carbon samples: (a) spectrum at O1s (b) spectrum at N1s of CMK-8-KOH than CMK-8 before the ammoniatreatment. The results in Table II suggest that the activation with KOH and/or ammonia will enhance the adsorption performance of CMK-8 because oxygen-and nitrogencontaining functional groups present in the adsorbents increase the adsorption efficiency. 5 11 The O1s and N1s spectra were obtained by XPS to identify the chemical changes caused by the activation treatments (Fig. 3) . The O1s spectra were deconvolved into the following 3 peaks: peak 1 (531.1 eV) denoting C O and carbonyl oxygen; peak 2 (532.8 eV) denoting C-OH and oxygen atoms in hydroxyl group; and peak 3 (534.2 eV) assigned to carboxylic acid. 15 16 The KOHtreatment enhanced the intensity of the O1s spectra, which is in accord with the results listed in Table II . The N1s spectra were deconvolved into 2 peaks: peaks 1 (398.9 eV) and 2 (400.9 eV), which is in accordance with previous studies.
14 [17] [18] [19] [20] [21] [22] [23] [24] Stohr et al. 17 assigned two N1s peaks with binding energies of 401-400 eV and 399-398 eV to amine and nitrile and/or pyridine, respectively. In this study, both CMK-8-NH 3 and CMK-8-KOH-NH 3 showed an enhanced peak at 398.9 eV. In particular, CMK-8-KOH-NH 3 exhibited a stronger peak than CMK-8-NH 3 , which might affect the activity of this adsorbent. Nevertheless, further study will be needed to test this hypothesis. Figure 4 shows the formaldehyde concentration decay obtained using CMK-8, CMK-8-KOH, CMK-8-NH 3 and CMK-8-KOH-NH 3 as adsorbents. The adsorption rate was highest in the first 10 min, decreasing steadily thereafter. CMK-8, with few functional groups, adsorbed 40% formaldehyde at 80 min, which was attributed to its mesoporous structure with a large specific surface area (944 m 2 /g). The adsorption efficiency of CMK-8-KOH (45%) was slightly higher than that of CMK-8 due to the slightly higher specific surface area and larger amount of oxygen functional groups formed by the KOH-treatment. Enhanced formaldehyde adsorption by increasing the number of oxygen functional groups has been reported. 5 25 26 The adsorption efficiency of CMK-8-NH 3 was much higher (70%) than those of CMK-8 and CMK-8-KOH, which was attributed to the significantly increased specific surface area (1125 m 2 /g) and nitrogen functional groups formed by the ammonia-treatment. An et al. 11 reported that the ammonia treatment of CMK-3 increased the ability of formaldehyde adsorption due to the increased nitrogen functional groups and specific surface area. Kim et al. 27 reported a correlation between the amount of amine groups present in a mesoporous material and its formaldehyde adsorption efficiency. The higher adsorption efficiency of CMK-8-NH 3 than CMK-8-KOH suggests that nitrogen functional groups are more beneficial for the adsorption of formaldehyde than oxygen functional groups. CMK-8-KOH-NH 3 showed the best performance for the adsorption of formaldehyde. As shown in Table II , among the 4 adsorbents, CMK-8-KOH-NH 3 had the largest nitrogen content, indicating the most abundant nitrogen functional groups, which is believed to be the main reason for its high adsorption efficiency. The largest specific surface area and the larger oxygen content than CMK-8-NH 3 are believed to have contributed to this high adsorption ability.
Adsorption of Formaldehyde
CONCLUSIONS
CMK-8 activated with KOH and NH 3 was applied to the adsorption of low-concentration formaldehyde. The order of the adsorption efficiency was CMK-8-KOH-NH 3 > CMK-8-NH 3 > CMK-8-KOH > CMK-8. CMK-8-KOH contained more oxygen functional groups than CMK-8, whereas CMK-8-NH 3 had a significant concentration of nitrogen functional groups that was not detected in CMK-8. Despite the destruction of the ordered mesostructure due to the KOH treatment at high temperatures, CMK-8-KOH-NH 3 possessed the most abundant nitrogen functional groups as well as the largest specific surface area among the adsorbents tested, which led to the highest formaldehyde adsorption efficiency.
